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’ INTRODUCTION
High global demand for energy and concerns over environ-
mental impact of increased atmospheric carbon dioxide have
motivated many research efforts to develop alternative fuels,
including biofuels such as cellulosic ethanol.1 Unlike corn
ethanol, which is produced from starch in corn kernels, cellulosic
ethanol is produced from cellulose in plant cell walls. Together
with lesser amounts of lignin and hemicellulose, cellulose con-
stitutes the majority of carbohydrate biomass on Earth. Although
naturally occurring enzymes (cellulases) can digest cellulose into
glucose and cellobiose that can be converted into liquid fuel, the
relatively low rates and high production costs of such enzymes
currently prevent large-scale conversion of cellulosic biomass
into useful products.
Cellulose ([C6H10O5]n) is a polymer consisting of linear
chains of 102 to 104 β(1 f 4) linked D glucose units orga-
nized into a crystalline structure. In nature, crystalline cellulose
(cellulose I) is found in two forms: IR and Iβ. Although the two
phases are usually both present in a sample, IR and Iβ are
predominantly found in bacteria and plants, respectively. The
detailed crystal structures have been determined from X-ray and
neutron fiber diffraction measurements.2,3 Cellulose IR has a
triclinic P1 unit cell containing one chain (e.g., one cellobiose
residue), whereas cellulose Iβ has a monoclinic P21 unit cell
containing two nonequivalent chains. The periodic chains run
parallel to each other forming single planar sheets that stack into
3D crystals. Despite the difference in symmetry and chain
geometry, IR and Iβ structures have similar unit chain length
(10.4 Å), interchain distance (8.2 Å), and intersheet distance (3.9 Å).
It was believed that, whereas hydrogen-bond (HB) interactions
dominate interchain binding energy within a sheet, weak van der
Waals (vdW) dispersion forces are most responsible for holding
the sheets together, although relatively weak CH 3 3 3O interac-
tions may also play a role.2
Recently, there has been a great deal of interest in under-
standing the mechanism of cellulose breakdown and its interac-
tion with water, acids, and cellulases in an effort to optimize the
cellulose digestion process. For example, classical molecular
dynamics (MD) was used to study the wetting of the (110)
and (100) surfaces of Iβ cellulose, with the surfaces kept fixed
during the simulations.4 Using molecular mechanics (MM)
simulations, Matthews et al. have modeled solvation around
microcrystals of cellulose Iβ and found significant changes of the
crystal structure and strong structuring of water in the first
hydration layer of the surfaces.5 The same group studied the
structural behavior of small hydrated cellulose Iβ microfibrils at
high temperature and observed the formation of a 3D HB
network through conformation changes of hydroxymethyl
groups.6 Interactions of cellulose with enzymes, such as cello-
biohydrolase II7,8 and GH8 endoglucanase,9 have also been
reported from theoretical simulations. One of the rate limiting
steps in cellulose conversion is the separation of cellulose chains
from the bulk.10 Using constrained Langevin dynamics simula-
tions, Skopec et al. studied the process of moving a 12-residue
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ABSTRACT: We have studied the structural, energetic, and electronic properties of
crystalline cellulose I using first-principles density functional theory (DFT) with
semiempirical dispersion corrections. The predicted crystal structures of both IR and
Iβ phases agree well with experiments and are greatly improved over those predicted by
DFT within the local and semilocal density approximations. The cohesive energy is
analyzed in terms of interchain and intersheet interactions, which are calculated to be of
similar magnitude. Both hydrogen bonding and van der Waals (vdW) dispersion forces
are found to be responsible for binding cellulose chains together. In particular, dispersion
corrections prove to be indispensable in reproducing the equilibrium intersheet distance
and binding strength; however, they do not improve the underestimated hydrogen bond
length fromDFT. The computed energy gaps of crystalline cellulose are 5.7 eV (IR) and 5.4 eV (Iβ), whereas localized surface states
appear within the gap for surfaces. The interaction of cellulose with water is studied by investigating the adsorption of a single water
molecule on the hydrophobic Iβ(100) surface. The formation of hydrogen bond at the water/cellulose interface is shown to depend
sensitively on the adsorption site for example above the equatorial hydroxyls or the CHmoieties pointing out of the cellulose sheets.
VdW dispersion interactions also contribute significantly to the adsorption energy.
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cellulose strand from the surface of microcrystalline cellulose into
the active site of the Cel5A cellulase and found that that binding
energy more than compensates for the 30 kcal/mol (∼1.2 eV)
energy barrier in separating the strand from the surface.11
Because of the large size of such systems, ab initio approaches
have not yet been attempted. Nevertheless, ab initio results on
computational feasible systems such as cellulose crystals, sur-
faces, and small strands, combined with experimental data, can be
extremely useful in evaluating and developing accurate force
fields for classical simulations. On the other hand detailed
knowledge from the atomic and electronic levels are of direct
scientific interest and provide insight into understanding the
interaction/reactionmechanism ofmuchmore complex systems.
Ab initio studies of crystalline cellulose are rare and to our
knowledge have been limited to cellulose Iβ. The atomic and
electronic structures of cellulose Iβ were studied12 using DFT
with the Becke, Lee, Yang, and Parr (BLYP)13 exchange-correla-
tion functional. Very good agreement in cell parameters was
obtained with experiment, including the intersheet lattice con-
stant a0 = 7.78 Å (aexp = 7.784 Å). This is somewhat surprising as
general gradient-corrected approximations (GGA) such as BLYP
usually fail to properly bind weakly interacting systems. In
particular, the calculated total energy of Iβ crystal as a function
of intersheet lattice spacing displays unexpectedly large, non-
monotonic variations, which raises doubts on the convergence of
the BLYP results in ref 12.
In this work, we investigate the crystal structure and electronic
properties of cellulose I and its surface interactions with water by
employing dispersion force corrections to DFT, or the so-called
DFT-D approach.14 In this scheme, vdW coefficients and radii
were optimized by fitting to a training set, which includes highly
accurate results for noncovalently bound complexes computed
from quantum chemistry methods, such as coupled-cluster and
second-order MøllerPleset perturbation theory. This approach
has been shown to account well for weak interactions in hydro-
gen-bonded complexes and pure vdW complexes.14 Recently,
one of the authors (Y.L.) and collaborators studied equilibrium
properties of aromatic molecular crystals and self-assembled
monolayers using first-principles calculations.15 Good agreement
was found between DFT-D results and those from more
advanced computational methods, such as quantum chemistry
methods and the so-called EXX/RPA method, which combines
the exact exchange energy with RPA correlation energy.15
Because both hydrogen bonding interactions and vdW disper-
sion forces are expected to play important roles in determining
the crystal structure of cellulose, the proper inclusion of long-
range interactions in the geometry optimization are necessary.
As cellulose crystals have relatively large unit cell volumes
(658 Å3 for Iβ and 334 Å3 for IR), the choice of DFT-D provides
an affordable alternative to expensive quantum chemistry meth-
ods or the EXX/RPA method.
The rest of the article is organized as follows. We first describe
the methods and computational details. Then we present results
of structural, energetic, and electronic properties of cellulose I
crystals and surfaces. We also discuss the key structural and
energetic differences between cellulose IR and Iβ. We then
present results of water adsorption on the Iβ(100) surface. A
summary of our findings concludes the article.
’METHODS
DFT calculations with local density (LDA) and gradient
corrected (GGA/PBE16) approximations were carried out with
the QUANTUM ESPRESSO package.17 We used norm-conserving
pseudopotentials and plane wave basis sets with a kinetic energy
cutoff of Ecut = 70 Ry. For variable-cell relaxation, which
optimizes the cell parameters and internal geometries simulta-
neously, we used a smooth kinetic-energy cutoff scheme18 and
Ecut up to 150 Ry because of the slower convergence of stress
compared to energy. Geometries were optimized until the
maximum force was smaller than 0.026 eV/Å. The long-range
vdW type forces were included by using the DFT-D approach,14
where a semiempirical dispersion energy correction expressed as
a sum over atomic pair contributions, is added to the DFT total
energy. We chose to use PBE-D as PBE works relatively well for
hydrogen-bonded systems19 and therefore a comparison of PBE
and PBE-D total energies gives a rough estimate of non-HB,
vdW-type dispersion contributions.
The initial structures of crystalline cellulose IR and Iβ were
taken from X-ray and neutron diffraction experiments2,3 and
were reoptimized within DFT or DFT-D. We computed zone-
center (Γ-point) phonon frequencies for the optimized crystal
structures to ensure that they are true energy minima. The zero-
point energy (ZPE) contributions to the lattice energy were
estimated from the sum of phonon frequencies. The cellulose
surfaces were modeled by a periodic supercell with slabs separated
Figure 1. Top view (a) and side-view (b) of a four-layer slab of Iβ(100)
surface. For clarity, only the top sheet is shown in (a). The unit cell is
indicated in blue.
Figure 2. Top view (a), (c); and side-view (b), (d) of two-layer slabs of
Iβ(110) and Iβ(110) surfaces. Unit cells are indicated in blue.
11535 dx.doi.org/10.1021/jp2006759 |J. Phys. Chem. C 2011, 115, 11533–11539
The Journal of Physical Chemistry C ARTICLE
by vacuum regions large enough to avoid interaction between the
slabs (part b of Figure 1 and parts b and d of Figure 2). The
convergence of electronic and structural properties of the sur-
faces with respect to the slab thickness were carefully examined
up to a total of four to six layers. A 2  2  2 and a 2  2  1
MonkorstPack20 k-point grids were used for the crystal and the
surface, respectively. Geometry optimization and total energy
calculations of all gas-phase molecules are performed using plane
wave basis sets in large supercells.
’RESULTS
Equilibrium Structures of Crystalline Cellulose. We first
examine the validity of the PBE-D method in predicting equi-
librium structures of crystalline cellulose. Table 1 and Table 2 list
lattice parameters of cellulose IR and Iβ obtained from DFT
calculations within LDA, PBE, and PBE-D approximations. Not
surprisingly, the intrachain distance c0, which is mainly deter-
mined by covalent bonds, is relatively well described by both
LDA and PBE, with error within 1.5% compared with experi-
ments. The interchain distance, b0, presumably dominated byHB
interactions, was predicted less accurately, with an underestima-
tion (overestimation) of up to 45% from LDA (PBE). The
largest discrepancy with experiments lies in the intersheet
distance, a0. The weak interactions between sheets mainly arise
from long-range correlation, which are usually not properly
treated in local and semilocal exchange-correlation approxima-
tions such as LDA and PBE. For example, PBE predicts reason-
able intrachain and interchain distances of cellulose Iβ but fails to
bind the sheets into a crystal indicating the total missing of vdW-type
interactions between the sheets. The inclusion of dispersion
corrections (PBE-D) greatly improves the description of equi-
librium properties and yields an excellent agreement with
experiments in a0 and b0. Similar performance of PBE-D has
been found in weakly bound systems such as benzene crystal22
and aromatic isocyanide self-assembled monolayers.15
We define the cohesive energy, Ecoh, as the total energy
difference per unit chain (e.g., per cellobiose residue) between
the cellulose crystal and an isolated chain, which is periodic along
the chain axis with computed bulk lattice constant c0. Ecoh
obtained from PBE-D almost doubles the PBE value but is still
smaller than the LDA results. One interesting finding is that IR
and Iβ structures are predicted to be energetically nearly
degenerate by all three approximations, with Iβ being slightly
more stable by 27 meV (LDA), 6 meV (PBE), and 18 meV
(PBE-D) per chain.This is consistentwith the fact that IR canbe easily
converted to Iβ under hydrothermal annealing treatment.23,24
Earlier classical MD simulations find that Iβ is lower in energy
than IR by 90 meV25 and 80 meV26 per chain respectively,
and the main contribution to the energy difference, ΔEcoh
Rβ =
Ecoh
R  Ecohβ , was attributed to the slightly more favorable
nonbonded electrostatic interactions in the Iβ form. In contrast,
the values ofΔEcoh
Rβ we obtained from LDA, PBE, and PBE-D are
all much smaller, which implies that both short-range and long-
range interactions are of similar strength in the two crystal
phases. All three DFT approximations predict a negative sign
forΔEcoh
Rβ , which is to our knowledge the first ab initio verification
that Iβ is energetically more stable than IR. Especially, contribu-
tions from dispersion forces, for example PBE-D versus PBE,
seem to play an important role to the energetic difference.
However, ZPE contributions, which is not included in Ecoh, slightly
favor IR by a few meV per chain but do not change the sign of
ΔEcoh
Rβ . One should also keep in mind that the DFT calculations
were carried out at T = 0 K; at T > 0 K, the inclusion of entropy in
the free energiesmay change the energetic difference quantitatively.
In addition to cell parameters, we also list glycosidic torsion
angles Φ andΨ, as well as hydroxymethyl torsion angles χ and
χ0 in Table 1 and Table 2.21 The agreement between DFT results
and experiments in these torsion angles are within 10%. The
most distinct feature in all DFT results is the much reduced
difference between the two nonequivalent chains in cellulose
Iβ. For example, Φ1 and Φ2 of cellulose Iβ were measured as
98.5 and 88.7,3 whereas the predicted difference is reduced by
an order of magnitude by DFT (Table 1). An earlier empirical
force-field molecular dynamics simulations of a 19-chain cellu-
lose Iβminicrystal27 also observed only a small difference of 2.6.
Similar trends were found for the predicted differences in Ψ1,2,
χ1,2, and χ01,2, and the reason for such reduction remains to be
understood.
Figure 3 plots the distribution of oxygenhydrogen distances
(dOH) in the range of 0.84.0 Å. The main features are similar in
IR and Iβ, as shown by the peak positions indicated by the black
arrows. The first peak around 1 Å arises solely from covalent OH
bonds and is relatively well reproduced by DFT. The second
peak observed around 2 Å in the experiments is split into two
peaks in DFT results. The peak shifted to smaller dOH values
corresponds to the intrasheet OH 3 3 3OHB distances, which are
underestimated byDFT as shown in the error analysis in Figure 4.
The LDA errors in this region are particularly large and amount
to an underestimation of up to 0.6 Å. The peak shifted to larger
Table 1. Equilibrium Cell Parameters and Cohesive Energy
of Crystalline Cellulose IrObtained from DFT Calculationsa
LDA PBE PBE-D exp.3
a0 (Å) 5.71 6.38 5.97 5.962
b0 (Å) 6.48 7.03 6.63 6.717
c0 (intrachain) (Å) 10.24 10.54 10.47 10.40
R () 118.6 115.4 116.9 118.08
β () 115.1 113.2 114.3 114.80
γ () 81.0 76.0 80.7 80.37
Φ1, Φ2 () 91, 91 97, 94 95, 95 98, 99
Ψ1,Ψ2 () 144, 145 143, 143 143, 144 138, 140
χ1, χ2 () 164, 168 162, 167 162, 166 167, 166
χ01, χ02 () 77, 74 79, 75 80, 76 75, 74
Ecoh (eV/chain) 2.64 1.02 1.93
aComputed glycosidic torsion angles (Φ, Ψ) and hydroxymethyl
torsion angle (χ, χ’) are also listed,21 and subscripts 1 and 2 denote
the two independent glycosyl residues in the unit chain.
Table 2. Same as Table 1 for Cellulose Crystal Iβa
LDA PBE PBE-D exp.2
a0 (intersheet) (Å) 7.41 not binding 7.85 7.784
b0 (interchain)(Å) 7.94 8.27 8.18 8.201
c0 (intrachain)(Å) 10.24 10.54 10.47 10.380
γ () 96.2 94.7 96.6 96.5
Φ1, Φ2 () 93, 91 95, 95 95, 95 99, 89
Ψ1,Ψ2 () 145, 143 144, 143 144, 143 142, 147
χ1, χ2 () 167, 168 165, 166 164, 165 170, 158
χ01, χ02 () 75,74 77, 76 78, 77 70, 83
a Subscripts 1 and 2 denote the two nonequivalent chains.
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dOH values corresponds to the oxygenhydrogen distances in
the CHOH or CH2OH groups. The elongation of such
distances is caused by the different covalent CH bond length
predicted by DFT (dCH
DFT = ∼1.1 Å) and provided in crystal-
lographic data (dCH
cry = ∼1.0 Å). Note that the coordinates of
hydrogen atoms covalently bonded to carbon cannot be mea-
sured directly from experiments and were determined using
restrained refinement with fixed bond length;2 therefore a good
match of CH bond length is not generally expected with theory.
An interesting feature in Figure 3 is the third peak around 2.5 Å,
which is partly contributed by the intersheet CH 3 3 3O bonds. It
was argued that the slightly enhanced CH 3 3 3O HB interactions
may contribute to the stability of Iβ over IR,3 which however is
not discernible in the bond length analysis in Figure 3. At dOH > 2.5
Å, weak vdW interactions start to dominate and PBE-D improves
significantly over LDA and PBE, providing an overall satisfac-
tory agreement with experiments. In the following, we present
energetic and electronic properties of cellulose crystals and
surfaces computed by PBE-D. For simplicity, we focus mainly
on cellulose Iβ and most conclusions are expected to hold for IR
as well.
Energetics and Electronic Structure. To understand the
mechanism for cellulose breakdown, it is important to estimate
the binding strength between cellulose chains and sheets, which
can be evaluated by decomposing the cohesive energy into the
corresponding components:
Ecoh ¼  ðEtotcrystal  EtotsheetÞ  ðEtotsheet  EtotchainÞ
¼ EcohðintersheetÞ þ EcohðinterchainÞ ð1Þ
where Ecrystal
tot , Esheet
tot , and Echain
tot are the total energies per unit
chain for the crystal, a single sheet, and a single chain, each of
which is geometry-optimized with lattice constant(s) fixed at the
computed equilibrium bulk values. For Iβ, the two components
are predicted to be 1.1 eV (interchain) and 0.8 eV (intersheet)
respectively by PBE-D. This is an interesting finding as the
strength of interchain OH 3 3 3O HB is expected to be much
stronger than that of intersheet CH 3 3 3O HB. For example, the
interaction energy of the water dimer is computed to be 0.2 eV at
the CCSD(T) CBS level,28 whereas that of the methanewater
dimer is predicted to be less than 0.04 eV.29 The similar
magnitude of Ecoh(intersheet) and Ecoh(interchain) found here
implies that vdW dispersion interactions, instead of CH 3 3 3O
HBs, are largely responsible for stacking the cellulose sheets into
a crystal, and their contribution to the total cohesive energy is
equally important as those from OH 3 3 3O HB interactions. In
contrast, when the dispersion contributions are neglected, for
example in the PBE approximation for the same PBE-D opti-
mized geometries, Echain
tot and Esheet
tot are reduced to be 0.85 and
0.11 eV only, consistently with previous BLYP results of 0.6 and
0.08 eV per chain.12
It is useful to compare the computed interchain and intersheet
cohesive energy to the energy terms involved in the hydrolysis of
a single cellulose chain. The energy needed to break down a
cellulose chain into cellobiose monomers (H1), [C12H20O10]þ
H2Of C12H22O11, and that, for splitting a cellobiose molecule
further into two glucose residues (H2), C12H22O11 þ H2O f
2C6H12O6, are estimated to be both of the order of 0.2 eV by
PBE-D. All calculations were performed in gas phase; the OH
and CH2OH conformations in cellobiose and glucose mol-
ecules were taken from the cellulose crystal and relaxed and
therefore may not correspond to the global energy minima.
These estimated values were found to depend on the choice of
exchange-correlations functional, which is mainly because of the
different description of dispersion interactions between the rings
in cellobiose and the cellulose chain. For example,H1 andH2 are
predicted to be 0.03, 0.05 eV from PBE, 0.2 and 0.2 eV from PBE-
D, and 0.3 and 0.2 eV from LDA.
Next, we evaluate the surface energy of the Iβ(100) surface,
which is parallel to the cellulose sheets, as well as that of the (110)
and (110) surfaces, which are most abundant for cellulose
microfibrils. We define the surface energy, γs, as as the amount
of energy required to create a unit area of a solid surface from the




ðEtotslab, nL  EtotcrystalÞ ð2Þ
where Eslab,nL
tot is the total energy per unit chain of the slab. The
factor 1/2 accounts to the two surfaces of a slab. Table 3
summarizes the computed surface energy of cellulose Iβ as a
function of the slab thickness. The converged values of γs
correspond to 82, 101, and 89 mJ/m2 for (100), (110), and
(110) surfaces, respectively. For reference, the dispersive com-
ponent, γs
d, was estimated to be between 56 and 70 mJ/m2 for
Figure 4. DFT errors of OH 3 3 3O HB distance in cellulose IR. Red
circles, blue squares, and green triangles represent results predicted by
LDA, PBE, and PBE-D, respectively.Figure 3. Distribution of oxygenhydrogen distances in cellulose crystals
predicted by DFT, in comparison with experiments2,3 (black lines with
shaded area).
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microcrystalline cellulose samples by inverse gas chromatogra-
phy at 0% relative humidity.30 It can be clearly seen that the (100)
surface has the smallest surface energy, which converges rapidly
with nL. The surface relaxation energy (Δs), i.e., the total energy
difference between the relaxed and the unrelaxed slab structures,
is only about a few tens of meV, because of the relatively weak
strength of intersheet interactions. The (110) and (110) surfaces,
however, have significantly larger values ofΔs, which is caused by
the breaking of the HB network at the surface termination. For
example, certain hydroxyl groups of the Iβ(110) surface are
reoriented to form new hydrogen bonds and further lower the
total energy. It was suggested from atomic force microscopy31
and NMR32 measurements that in water the tg conformation of
the hydroxymethyl groups, which is favored in bulk, may be less
populated than the gt and gg states. Whereas conformation
changes of hydroxymethyl groups are not a focus of this work,
our studies suggest that such a change may be caused by a
combination of surface effects as shown above and the formation
of new HBs with water, which competes with interchain HB
interactions to drive the whole system toward energy minimum.
The latter will be further discussed when we present results of
water adsorption on the Iβ(100) surface.
In the following, we examine the electronic structure of
cellulose crystals and surfaces. Such information may be extre-
mely useful when studying the interaction between cellulose and
the environment, for example water, ions, and enzymes, espe-
cially when charge transfer or orbital hybridization are involved.
Figure 5 plots the isosurfaces of HOMO and LUMO of crystal-
line cellulose Iβ. While in HOMO, electron density is mainly
localized on oxygen lone pairs and σ bonds between carbon
atoms, LUMO shows a more delocalized electron distribution
throughout the system, mostly residing in 3s orbitals of oxygen
and 2p orbitals of carbon. Also plotted in Figure 5 are frontier
orbitals of the cellobiose molecule that most resemble HOMO
and LUMO of Iβ. Cellobiose is the smallest molecule with the
same repeating constitutional structure as cellulose. However,
the P21 symmetry observed in cellulose Iβ is broken in cellobiose
because of its finite length; therefore the two glycosyl residues are
no longer equivalent, leading to the splitting of energy levels into
pairs, for example {HOMO-1, HOMO} and {LUMOþ4,
LUMOþ5}. The computed gap of cellobiose is 5.5 eV, similar
to theHOMOLUMOgapof cellulose IR (5.7 eV) and Iβ (5.4 eV).
Local or semilocal approximations in DFT usually lead to
underestimated energy gap for small molecules, and indeed we
found that the gap is increased to 7.4 eV when the hybrid B3LYP
functional is used. Similar improvement of the gap is expected for
crystalline cellulose structures using hybrid functionals, whereas
qualitative features of the electronic structure should remain
the same.
Because of the weak nature of intersheet interactions, one
expects similar electronic structure in the crystals and surfaces,
except the possible existence of surface states. Indeed, unoccu-
pied surface states localized on the top and bottom layers of the
slab are found inside the fundamental gap, with energy levels
about 0.1 eV below the bulk-LUMO level. The gap between bulk-
HOMO-like orbital and bulk-LUMO-like orbital converges
rapidly toward the bulk value as a function of the slab thickness,
and is within an accuracy of 0.1 eV at nL = 2. The extrapolated
bulkHOMOandLUMO levels are located at6.0 eV and0.6 eV
respectively relative to the vacuum energy. We would like to
point out the large difference in the predicted HOMO/LUMO
energy levels with those presented in ref 12. Such discrepancy is
generally not expected from the use of different GGA flavors, for
example PBE versus BLYP. One notes that to obtain absolute
energy levels of the system in periodic calculations, one needs to
choose an appropriate reference potential energy Vref = 0, such as
the averaged potential in the middle plane of the vacuum in
supercell calculations. This procedure, if not taken properly, may
lead to unphysical results such as the positive HOMO energy
level for bulk cellulose and finite slabs calculated in ref 12.
Consequently, the proposed theory of using strain energies to
explain the variations of HOMO and LUMO levels as a function
of cellulose size is likely based on wrong predictions of these
energy levels.12
Adsorption ofWater on Iβ(100) Surface.Whereas the (110)
and (110) surfaces are terminated by hydroxyl groups (Figure 2),
the (100) surface exposes exclusively CH moieties to the
surrounding medium and was predicted to be hydrophobic with
a contact angle of 95 from classicalMD studies.4 In this work, we
study the adsorption of a single water molecule on different
binding sites on the Iβ(100) surface and try to elucidate the
interaction between water and different functional groups on the
surface. Two types of adsorption sites were considered, those on
top of oxygen atoms (denoted as O sites) and those on top of the
CH groups (denoted as H sites). Correspondingly, two different
types of hydrogen bonds are expected to form, i.e., theOHw 3 3 3O
bond and the CH 3 3 3OHw bond, where OHw refers to the
hydroxyl group from the adsorbed water molecule. Since a
(100) slab consisting of 2 layers already yields converged surface
energy and geometries, we adopt nL = 2 in the following studies.
Table 4 summarizes the adsorption energy, hydrogen bond
length, and angle predicted by PBE-D on two different groups of
adsorption sites. The optimized geometries were obtained by
placing the water molecule about 3 Å above the adsorption sites
Table 3. Surface Energy (γs) and Surface Relaxation Energy
(Δs) of Cellulose Iβ as a Function of Slab Thickness (nL)
a
(100) (110) (110)
nL γs Δs γs Δs γs Δs
1 0.41 0.01 0.73 0.12 0.57 0.23
2 0.44 0.02 0.79 0.12 0.62 0.25
3 0.44 0.02 0.78 0.18 0.62 0.30
4 0.44 0.03 0.78 0.23 0.62 0.35
a Energies are given in eV per surface chain.
Figure 5. HOMO and LUMO isosurfaces of crystalline cellulose Iβ
viewed in the (100) plane (top), and those of cellobiose molecule
(bottom). For clarity, only the top sheet is shown for Iβ.
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and fully relaxing the geometry of the whole adsorption system.
The influence of the starting geometry was found to be small.
The two configurations that correspond to the largest adsorption
energies in each group are plotted in Figure 6. As expected, water
adsorbed on the O sites shows distinct HB characteristics, with
bond length between 1.8 and 1.9 Å and Ead between 0.26 and
0.41 eV. In contrast, the HB distance of the water dimer is
predicted to be 1.93 Å with a binding energy of 0.26 eV at the
same level of theory (Table 5). Electron density difference maps
plotted in the left panel of Figure 6 clearly demonstrate the
similarity in bonding between the water dimer and water
adsorbed on Iβ(100). The overall shorter HB distance and larger
binding energy in the latter case indicate that non-HB, vdW
dispersion forces contribute significantly to Ead. This is further
confirmed by observing that the HB distance is elongated by
about 0.1 Å, when one replaces PBE-D with PBE and allows the
water molecule to be relaxed to the new equilibrium position
(Table 4). In contrast, in the case of the water dimer where the
HB interaction dominates, PBE and PBE-D predict similar,
quantitative agreement with advanced CCSD(T) results, with a
slight overestimate of the binding strength. LDA, however,
strongly overestimates (underestimate) the binding strength
(distance) in both cases.
Water adsorbed on the H sites is found to have a much larger
distance to the surface but still clearly displays HB characteristics
similar to those in the watermethane dimer, as shown in their
electron density difference maps in Figure 6. Here, we consider
the so-called VO configuration of the watermethane dimer
(Figure 7), where V refers to the vertex direction of methane.
The variation in the computed adsorption energy at different H
sites is relatively small. This is because Ead is dominated by vdW
contributions, which are not site-sensitive at such large distance
from the surface, for example 2.42.5 Å. Replacing PBE-D with
PBE hardly changes the optimized position of the water molecule
but reduces the adsorption energy substantially (Table 4).
However, LDA predicts a much closer distance between water
and the cellulose surface andmore than doubles Ead from PBE-D.
In the case of the watermethane dimer, LDA also severely
overestimates the binding energy (D0), whereas PBE-D predicts
De about 30% larger and dCO about 0.1 Å shorter compared to
the CCSD(T) result. PBE-D errors of similar magnitude are
found in the case of methane dimer (not shown) and are
probably caused by the empirical nature of the parametrization
scheme.14
Although our study does not directly explain the hydropho-
bicity of the Iβ(100) surface found in MD studies,4 it clearly
points out the sensitivity of Ead on the type of adsorption sites.
On the (100) surface, CH moieties pointing out of the cellulose
sheets are more accessible to the surrounding water than oxygen
atoms of the equatorial hydroxyls. The competition between the
two types of HB binding may lead to a less favorable interaction
with water than the (110) and (110) surfaces, which have
predominantly hydroxyl groups pointing outward from the
surfaces. Adsorption studies on IR surfaces may be interesting
but the qualitative conclusions should remain the same. A more
detailed comparison of water adsorption on cellulose surfaces of
different orientations, including first-principles molecular dy-
namics simulations, are currently underway.
’CONCLUSIONS
Wehave presented detailed ab initio studies of cellulose, which
has attracted widespread attention as a potential alternative
Figure 6. Configurations of a single water molecule adsorbed on the
Iβ(100) surface on top of O2 (left) and H5 (right). The surface contour
plots show electron density difference maps before and after the
adsorption. Inserts correspond to electron density difference maps of
the water dimer and watermethane dimer. Red, electron gain; blue,
electron loss.
Table 4. Adsorption Energy, Hydrogen Bond Length, and
Angle Predicted by PBE-D, for a Single Water Molecule
Adsorbed on Different Sites of the Iβ(100) Surface
site O1 O5 O6 O3 O2 O2 (LDA) O2 (PBE)
d(OHw 3 3 3O) (Å) 1.92 1.93 1.86 1.89 1.81 1.66 1.91
θ(OHw 3 3 3O) () 161.3 156.7 169.2 160.0 160.5 160.6 159.9
Ead (eV) 0.26 0.29 0.32 0.33 0.41 0.64 0.29
site H2 H6 H1 H4 H3 H5 H5 (LDA)H5 (PBE)
d(CH 3 3 3OHw) (Å) 2.53 2.48 2.44 2.39 2.40 2.45 1.97 2.45
θ(CH 3 3 3OHw) ()166.7163.7172.8169.8170.9159.8 154.2 159.8
Ead (eV) 0.11 0.11 0.12 0.13 0.14 0.15 0.36 0.09
Table 5. Binding Geometry and Interaction Energy of the
Water Dimer and the WaterMethane Dimer Predicted by
DFT and Quantum Chemistry Methoda
LDA PBE PBE-D CCSD(T)
water dimer
dOH 3 3 3O (Å) 1.739 1.932 1.929 1.952
28
θOH 3 3 3O () 170.5 173.2 173.1 172.7
28
De (eV) 0.42 0.230 0.255 0.213
28
watermethane dimer (VO config.)
dCH 3 3 3O (Å) 2.246 2.668 2.554
dCO (Å) 3.346 3.765 3.653 3.76
33
De (eV) 0.076 0.023 0.038 0.027
33
aConfigurations of the dimers are shown in Figure 7.
Figure 7. Configurations of the water dimer and the watermethane
dimer considered in this work.
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energy source. Using the dispersion-corrected DFT method, we
predicted equilibrium structures and energies of crystalline
cellulose IR and Iβ in excellent agreement with experiments.
In particular, vdW dispersion interactions are shown to play an
equally important role as hydrogen bond interactions in forming
the crystal structure. The computed total energies of IR and Iβ
phases are nearly degenerate, with Iβ being slightly more stable.
The energy gap is calculated to be 5.7 and 5.4 eV for IR and Iβ,
respectively.
We have also examined the surface energetics of Iβ and found
that its (100) surface is energetically more stable than the (110)
and (110) surfaces because of the disruption of the OH 3 3 3OHB
network in the latter. The electronic structure of cellulose sur-
faces is similar to that of the crystal except for the appearance of
localized surface states located at about 0.1 eV below the LUMO-
like orbital. Adsorption studies of water on the Iβ(100) surface
show that the adsorption geometry and binding energy strongly
depend on the adsorption site, for example above O atoms of the
equatorial hydroxyls or the extruding CH groups. In either case,
the HB signature of the OHw 3 3 3O type or the CH 3 3 3OHw type
is clearly seen. vdW dispersion interactions are found to con-
tribute significantly to the total adsorption energy. Work is
underway to investigate the full hydration of cellulose surfaces
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